Forest biomass is an important variable for calculating carbon stocks and greenhouse gas emissions from deforestation and forest fires in Brazilian Amazonia. Its spatial distribution has caused controversy due to disagreements over the application of different calculation methodologies. Standardized networks of forest surveys provide an alternative to solve this problem. This study models the spatial distribution and original total stock of forest biomass (Aboveground + Belowground + Fine and coarse litter) in Brazil's state of Roraima, taking advantage of data from georeferenced forest surveys in the region. Commercial volume (bole volume) from surveys was expanded to total biomass. Kriging techniques were used to model the spatial distribution of biomass stocks and generate a benchmark map. All results were associated with phytophysiognomic groups, climatic regions and land uses (protected areas; agricultural use). We estimate forest in the state of Roraima to have an original biomass stock of 6.32 Â 10 9 Mg. Forest biomasses in areas with shorter dry seasons were higher as compared to forests in regions with longer dry seasons. The original vegetation in protected areas, independent of phytophysiognomic group, has higher biomass compared to areas currently under agricultural use. Protected areas support 65.8% of Roraima's stock of forest biomass, indicating an important potential role in REDD projects for conservation of forest carbon. Information on spatial distribution of biomass stocks at a more refined scale is needed to reduce uncertainties about the regional character of carbon pools in Amazonia.
Introduction
Forest biomass affects the calculation of carbon stocks and greenhouse gas (GHG) emissions, this being a major source of uncertainty regarding the climatic role of forests and their management in Brazilian Amazonia (Fearnside, 1997a (Fearnside, , 2000 Chave et al., 2004 Chave et al., , 2014 Houghton, 2010) . Along with deforestation, biomass determines the potential for carbon emissions that can be released into the atmosphere when forests are cut (Houghton et al., 2009; Harris et al., 2012; Song et al., 2015) . Cutting and burning of forest biomass in Amazonia are linked to expanding areas of agriculture and pasture. The quickest and cheapest way to ''clean" the deforested area is by burning. Accurate models of forest biomass distribution can reduce the uncertainties in carbon stocks because they are based on a consistent and spatially explicit set of observational data, enabling a better understanding of the environmental and human processes that determine GHG emissions (Harris et al., 2012) , in addition to providing information needed for projects for Reducing Emissions from Deforestation and Degradation (REDD) (e.g., Soares-Filho et al., 2010; Nepstad et al., 2011; Saatchi et al., 2011) .
The first systematic attempt in Amazonia to obtain large-scale forest biomass estimates was derived from studies of Lugo (1992, 1994) . These authors developed expansion factors and adjustments from commercial volume equations derived from forest inventories carried out by the Food and Agriculture Organization of the United Nations (UN-FAO) in the late 1950s. In the specific case of Amazonia, new adjustments were by Fearnside (1992) with the correction or addition of other carbon pools (e.g., dead wood, lianas, understory plants) which had been omitted by Brown and Lugo (1992) . Adjustments derived from Fearnside (1992) were significantly improved by Nogueira et al. (2005 Nogueira et al. ( , 2007 Nogueira et al. ( , 2008 and have been applied to commercial volume (bole volume) values obtained by the RADAMBRASIL inventories (Brazil, RADAMBRASIL, 1973 -1983 conducted in the entire Brazilian Amazon (Fearnside, 1994 (Fearnside, , 1996 (Fearnside, , 1997a . The bole volumes of trees from the RADAMBRASIL inventories were calculated based on diameter at breast height (DBH), or diameter 1.3 m above the ground or above any buttresses. Only individuals with circumference at breast height P100 cm (i.e., 31.8 cm DBH) were included in the inventory.
The values of commercial volume estimated by the RADAM-BRASIL Project for the whole of Brazilian Amazonia (Brazil, IBGE, 2013) could then be expanded to total biomass (live biomass and necromass; below-and aboveground) and used in regional spatial distribution models or extrapolated in accord with physiognomies within each state (Fearnside, 2000; Sales et al., 2007; Brazil, MCT, 2010; Nogueira et al., 2015) . An advantage of using the RADAM-BRASIL database lies in its having been collected before the major deforestation and forest degradation events currently observed in Amazonia, thus offering a unique opportunity to assess the ''original" (pre-1970) biomass distribution.
Despite advances in reducing uncertainties, the spatial distribution of Amazon forest biomass can be estimated based on landcover maps and information on the biomasses of vegetation types and the effects of environmental factors (e.g., physiognomies, climate, soil) (Feldpausch et al., 2011; Baccini et al., 2012) and land-use history (e.g., agro-silvo-pastoral ''use areas" and different types of protected areas) (Malhi et al., 2006) . This auxiliary information, when supported by forest inventories and remotesensing data, brings great advantages for the construction of reference maps (Saatchi et al., 2011; Harris et al., 2012; Baccini et al., 2012) . This is due to the introduction of additional features that assist in estimating mean biomass per unit area (Mg ha À1 ) and delimiting the spatial distribution of the biomass and carbon stocks disturbed by deforestation. Given that large areas in the Amazon lack any direct measurement of biomass, this alternative allows construction of spatially refined maps at local and regional scales arranged in a georeferenced grid that may be reproduced under varying temporal constraints (Nogueira et al., 2015; Saatchi et al., 2012) . This is because the anthropogenic and environmental characteristics specific to each region (e.g., at the state level) can be analyzed separately under the same calculation basis, rather than being products of extrapolations to a less detailed scale (e.g., Saatchi et al., 2007 Saatchi et al., , 2011 Baccini et al., 2012) . Maps using satellite-derived data to extrapolate from a limited number of ground plots (e.g., Saatchi et al., 2011; Baccini et al., 2012) have produced inconsistent results, even though they have essentially the same data sources and methods (Mitchard et al., 2014) . Progress has been made in resolving differences (Avitabile et al., 2016) , but the limited ground data remain as the principal source of uncertainty. The RADAMBRASIL dataset, not used in the Saatchi et al. (2011) and Baccini et al. (2012) studies, represents a much larger source of on-the-ground data (Nogueira et al., 2015) . Large-scale approaches tend to have greater uncertainties than do those on smaller scales due to the different methods of data collection used and to environmental variability among macroregions. Local and regional approaches are less subject to the problems causing uncertainty. Use of smaller-scale procedures provides an alternate path for evaluations of the regional potential for storing carbon and for emission of greenhouse gases. We used the state of Roraima (northern Brazilian Amazonia) as a case study to model the spatial distribution of forest biomass and to evaluate the original stock of biomass (live biomass and necromass; above-and belowground) considered here as undisturbed biomass in pre-1970 period. This region of the Amazon has phytoclimatic zones represented by savannas, seasonal forests and ombrophilous forests that are different from other Amazonian states (Barni et al., 2015a) . Analysis of the distribution of forest biomass in these areas permits a more realistic estimate of the original forest biomass stocks, located in areas with different protection status and climate type, providing the basis for more robust estimates of forest carbon stocks and GHG emissions from deforestation. Our specific objectives were (i) estimate the total biomass (live biomass and necromass; below-and aboveground) based on forest volume inventories conducted in Roraima and its surroundings mainly by the RADAMBRASIL project; (ii) generate a reference map from the spatial modeling of forest biomass using geostatistical techniques; (iii) determine the biomass (Mg ha À1 ) in each forest type by phytoclimatic zone, and (iv) determine the original biomass stock in each phytoclimatic zone in areas with protection (IL = indigenous lands and CU = conservation units) and without legal protection (UA = use areas). ''Conservation units" refer to the various types of areas, both ''strictly protected" and for ''sustainable use," defined in Brazil's National System of Conservation Units (SNUC) (Brazil, MMA, 2000) .
Materials and methods

Study area
Brazil's state of Roraima has an area of 224.3 Â 10 3 km 2 (an area the size of the US state of Minnesota) and is located in the northernmost portion of Brazilian Amazonia, bordering Venezuela and Guyana (Fig. 1) . The climate is divided into three types under the Köppen classification: ''Af" (humid forest climate), which supports oligotrophic vegetation (campina and campinarana) on white-sand soil (phytophysionomies adapted to hydro-edaphic constraints; this vegetation is adapted to nutrient limitation and to periodic flooding or elevation of the water table) together with part of the ombrophilous forest in the southwestern and extreme northwestern portions of the state; ''Am" (monsoon climate), which encompasses another part of the ombrophilous forest, this being a smaller section of semideciduous forest that includes the entire range of the southeastern and mid-western portions of the state, in addition to much of the northern portion, and ''Aw" (savanna climate), which is characterized by ''contact" forests (ecotones) and most of the seasonal forests, as well as all areas of low and high altitude grasslands occupying the northeastern portion of the state (Barbosa, 1997; Barbosa and Campos, 2011) . Annual rainfall in Roraima undergoes large variations, decreasing from the south and southwest to the northeast. In the rainforest areas in the southern and southwestern portions of the state, precipitation totals 2000-2300 mm À1 year. A transition zone from montane forest to ombrophilous forest to savanna has precipitation between 1700 and 2000 mm À1 year. The savanna formations are in the northeastern portion of the state with precipitation of 1100-1400 mm year À1 (Barbosa, 1997) . Morphological features include dissected plateaus surrounded by intramontane pediplains and residual individual reliefs (Schaefer and Darlymple, 1995; Ab'Saber, 1997) . The state of Roraima can be divided into two major phytoclimatic zones: zone with influence of savanna (ZIS) and zone without influence of savanna (ZOS). These zones are based on geographical, climatic and geomorphological criteria (Barni et al., 2015a) . The zones are associated with land-use categories (use areas, indigenous lands and conservation units). The ZIS is located in the northern and northeastern portions of Roraima (6-7 months dry), while the ZOS is located in the southern and southeastern and northwestern portions of the state where the dry period is shorter (1-5 months). Both zones are affected by deforestation, forest fires and selective logging.
Original boundaries of modeled physiognomies
The 17 forest physiognomies in Roraima were derived from a vegetation map from the Program for Conservation and Sustainable Use of Brazilian Biological Diversity (PROBio) at a scale of 1:250,000 (Brazil, PROBio, 2013) . Training operations were conducted to retrieve the original coverage of forests in the state using map algebra in a geographical information system (GIS): (1) all areas occupied by humans (deforested areas, grasslands and secondary vegetation) were removed from the PROBio map and replaced by the forest or non-forest physiognomies closest to the affected area, assuming the original vegetation of Roraima without amendment; (2) the 17 physiognomies were condensed into four major forest groups (Table 1) : (i) Ombrophilous forests (all classes of open and dense forest); (ii) Ecotones (''contact" physiognomies); (iii) Seasonal deciduous forests and semideciduous forest fragments, and (iv) Fragmented-physiognomies in oligotrophic ecosystems in the middle and lower Rio Branco. Savannas in the northeastern portion of the state were also added.
Estimation of the original biomass
The original total forest biomass (live + dead, aboveground and belowground) per unit area (Mg ha
À1
) was estimated from inventories (Brazil, RADAMBRASIL, 1973 -1983 conducted in Roraima and in the surrounding region (Brazil, IBGE, 2013) . These inventories used commercial volume information on 296 plots (1 ha each), of which 119 were in Roraima, or within a range of 100 km from the state's borders, encompassing parts of Pará (5 plots) and Amazonas (172 plots) (Brazil, IBGE, 2013) in order to soften the edge effect (Sales et al., 2007) . To this database two recently conducted forest inventories were added (Condé and Tonini, 2013; Nascimento et al., 2014) , bringing the total to 298 sampling points (Supplementary Material, Fig. A.1 ; Table A.1). The data from these last two studies were used in the same way as the RADAMBRASIL inventories (only individuals with circumference at breast height P100 cm, that is, diameter at breast height P31.8 cm) in order to preserve the same criteria for biomass estimation throughout the spatial analysis.
The volume of each individual tree inventoried by the RADAM-BRASIL Project (in a tabulation at the level of species, genus or family) was converted to dry bole biomass (biomass of the trunk from the ground to the first significant branch) by multiplying by the basic density (oven-dry weight divided by green volume; g cm À3 ) of the wood (Fearnside, 1992 (Fearnside, , 1997b . Expansion factors were applied to all 298 sampling points to convert bole biomass to expanded aboveground biomass (Mg ha À1 ). These factors were applied (i) to expand from bole volume to represent the total volume of each individual tree for calculating the biomass, and (ii) to add the other components of forest biomass in order to calculate the total biomass per hectare (Mg ha À1 ) for all points in the BDG. The volume expansion factor (VEF) adjusts for trees with DBH (diameter at breast height measured 1.3 m above the ground or above any buttresses) between 10 cm and the minimum diameter measured in the forest survey (the RADAMBRASIL database is for trees with DBH P 31.8 cm). The values of VEF we used to correct for the 10-31.7 cm DBH range were 1.537 for dense forest and 1.506 for non-dense forest (Nogueira et al., 2008) . These values include adjustments for hollow trees and irregularly shaped trunks. The biomass expansion factor (BEF) adjusts for the tree crowns (the portion of the tree above and including the first significant branch). The bole biomass was multiplied by the BEF, which has a value of 1.635 if bole biomass P190 Mg ha À1 (calculated by Nogueira et al. (2008) from data by Higuchi et al. (1998) normalized by diameter distribution in central Amazonia) and Exp (3.213 À (0.506 Â Ln (bole biomass))) if bole biomass <190 Mg ha À1 (Brown and Lugo, 1992) .
To convert the values for expanded biomass to total biomass, adjustments for inclusion or correction of other components of the forest (live and biomass and necromass, including the understory and roots) were applied to the database. After the 298 commercial volume points for forest were converted to total biomass (Mg ha À1 ), additional 28 sampling points were included in the analysis to estimate savanna biomass (Mg ha À1 ) in northern Roraima (Barbosa, 2001; Barbosa and Fearnside, 2005; Barbosa et al., 2012) . Final sampling points totaled 326 (Supplementary Material, Table A .1). This dataset was called the ''georeferenced database" (BDG) (Fig. 2 ).
Validation and the best model for interpolation
The georeferenced database was divided randomly into two subsamples: (i) a set containing 33 sampling points ($10%), and (ii) another set containing 293 sampling points ($90%). The first set (n 1 = 33) was reserved for validation and determination of the best interpolation model after obtaining the maps of biomass. In order to estimate each point not sampled in the execution of the three Kriging techniques, five points were used that were near neighbors to the location for which a value is to be estimated for each quadrant. This is a standard procedure in ArcGIS software. 
Validation criteria
The criteria for validation (accuracy) and for choosing the best model were: (i) the smallest mean-square error, (ii) the lowest efficiency percentage (%EF) and (iii) the highest coefficient of determination (adjusted R 2 ). The adjusted R 2 also served to assess the accuracy of the model in percentage terms, where error (Ɛ) = (1 À R 2 ) Â 100 and Accuracy = R 2 Â 100.
These parameters were calculated from the sub-sample of 33 points and compared with the values estimated by three methods at the same coordinates (Bello-Pineda and Hernándes-Stefanoni, 2007; Gardiman Junior et al., 2012) . As an additional measure, a test of means (t-test) was applied between the values predicted by the three models and the sample values to compare the results and verify whether they differed from the sample mean.
Modeling and spatialization of biomass
For spatialization of forest biomass the best model was chosen among three Kriging techniques ( Fig. 3 ): (i) ordinary Kriging (KrigOrd), (ii) co-Kriging (Co-Krig) and (iii) Kriging with external drift Grand total -99594.6 124704.9 224299.5 a Vegetation codes (Brazil, IBGE, 2012) . b ZIS = zone with influence of savanna. c ZOS = zone without influence of the savanna. d The definition of ''forest" used in this study is that of PROBio. Here Sa, Td and campinarana (La and Ld) are considered to be ''forest," as in both the PROBio vegetation map (Brazil, PROBio, 2013 ) and Brazil's national inventory of greenhouse gas emissions (Brazil, MCT, 2010, p. 228) , which consider all vegetation types classified as ''a" (wooded) or ''d" (forested) to be ''forest." This differs slightly from the definition of forest used in deforestation monitoring by PRODES (Brazil, INPE, 2016) , which includes as ''non-forest" treed-shrubby savannas (Sp), the part of treed savannas (Sa) with less than 10% tree cover (although, in practice, the PRODES data appear to class all Sa as forest), the woodedgrassy savannas (Sg) and some of the campinaranas (in northern Amazonia the ''non-forest" campinaranas are represented only by Lg and Lb). There is some overlap of forest and non-forest under the PRODES definition (particularly in campinaranas), but we do not believe that this compromises the result because the formations listed by PRODES represent classic non-forest natural ecosystems and not their forested forms (''a" and ''d"). The La and Ld campinaranas are considered to be ''forest" by both PROBio and PRODES. e These physiognomies (Lg and Lb) are in the campinarana group but are not considered to be ''forests." Their distribution areas (along the Rio Branco and its tributaries in the south-central portion of Roraima) are often flooded. (KED). Kriging is used to estimate the value of a variable in a location that was not sampled, with the value calculated by interpolation using moving averages of sampling points. It is assumed that the values of the spatial variable are known in the vicinity of the unsampled location that will have its value estimated. To implement Kriging one must first model the semivariogram, which associates the estimated variability between two sample points with the distance that separates them. The influence will be larger or smaller depending on how small or large the distance is between the points. The semivariogram uses the following parameters: (i) the ''nugget effect," which evaluates the stability of the data or the lack of change in their values as a function of the distance separating neighboring points; in some cases the nugget effect can be attributed to measurement error or to the fact that the data have not been collected at sufficiently close intervals; (ii) the ''sill," indicating the point of stabilization of the semivariogram curve; the sill represents the maximum variability between pairs of values (on the y-axis, starting from the sill variation in the data is not observed), and (iii) the ''range," which measures the distance (in the units of the map on the x-axis) over which such variations are observed in the data; the range indicates the distance after which the samples are no longer spatially correlated and the relationship between them becomes random (cf, Burrough and McDonell, 1998; Landim and Sturaro, 2002 
Modeling of the semivariograms by the different Kriging techniques was executed in ArcGIS software.
In the case of Krig-Ord, the semivariogram was modeled from sample points of a single variable (total biomass) as the input. Kriging produces a map of total biomass (Mg ha À1 ) with continuous values estimated from the sample data (Isaaks and Srivastava, 1989; Bohling, 2005) . In Co-Krig, in addition to the main variable (total biomass), two auxiliary variables were used: (i) the vegetation map (V) from PROBio described earlier, with the four forest classes plus the savanna class (converted to raster format with spatial resolution of 1 km 2 per pixel, and (ii) the map of average annual precipitation (P) retrieved from the NASA website (NASA-TRMM, 2013). After ordinary Kriging, this map was also converted to raster format with 1-km 2 resolution. The two maps were drawn in UTM/WGS 84 Zone 20 N. During the execution, auxiliary Krig variables override the main variable in the prediction in the case of locations that were not sampled or were poorly sampled. In this case the semivariogram is modeled for the primary variable and another model is generated for each auxiliary variable. Unlike Krig-Ord and Co-Krig, in KED the final map of biomass (Mg ha À1 ) was obtained by application of multiple linear regression to data from raster maps (grids of cells) of the auxiliary variables, with V, P and R (map) as independent variables (Eq. (2)). This map was created in three steps: (1) obtaining the residuals and the coef- 
Biomass maps by phytophysiognomy and forest group
To clarify the biomass content by forest physiognomy, binary maps (0, 1) with 1-km 2 spatial resolution were created for each phytophysiognomy in the PROBio database and for the savanna. On each map that was created, pixels representing the domain or extension of the physiognomies were assigned a value of 1 (one) and the other pixels were assigned a value of 0 (zero). All maps were created with the same number of rows (759) (i) represents the map of each class generated from the PROBio dataset and, i = 1-18 (including the savanna class). Biomass maps for the forest group were created in the same way as the maps of biomass by forest type (BIOM.Type) described above (Eq. (3), with i = 1-4).
Biomass in areas with and without legal protection
To assess biomass in protected areas, the binary maps of ILs and CUs using the ISA (2012) database were crossed with the maps of biomass generated for each forest group. The original biomass of the UA (agro-silvo-pastoral use area) group was determined by the exclusion of IL, CU and savanna areas; the UA-group biomass maps were also crossed with the maps of biomass by forest group. This protocol was applied to both phytoclimatic zones in Roraima. To evaluate and compare biomass between the use types (indigenous lands, conservation units and use areas) a weighted average was applied that considered the area of each forest group in each use type.
Statistical analysis
Normality tests were applied to all datasets obtained by intersections of information between climatic zones (ZIS and ZOS), phytophysiognomic groups (ombrophilous forests, ecotones, seasonal vegetation and campinarana) and categories of land use: IL, CU and UA. In order to determine if the climatic areas explain the spatial distribution of forest biomass in Roraima nonparametric tests (Mann-Whitney; a = 0.05) were applied between the biomass values for each forest group present in the two zones because the data are not normally distributed.
To determine if the biomass per unit area (Mg ha
À1
) of the forest groups differed among IL, CU and UA areas located in the same phytoclimatic zone, nonparametric tests (Kruskal Wallis, MannWhitney; a = 0.05) were applied to 100 pairs of biomass values chosen randomly from each forest group in the ILs, CUs and UAs present in both phytoclimatic areas. We used R software (R Development Core Team, 2015) for testing.
Results
The KED model was chosen as having the best performance to represent the total biomass of the state of Roraima (Table 2 ; Fig. 4) . When Kriging was performed on the residuals the semivariogram showed no anisotropy (spatial trend in a given direction) and was therefore considered to be isotropic for the variability of biomass residuals. A variogram function composed of the nugget effect and the exponential structure (best fit to the data) was used to fit the sample of residuals and to evaluate their variability depending on the distance between sampling points. The final semivariogram fit this way had a total range of $120 km and a nugget effect estimated at $20% in relation to the sill (8509.1), implying a spatial correlation between sample points. However, the spatial correlation of the residuals decreased rapidly between $73 km and 120 km, which was the maximum limit of variation.
The stock of total biomass in the state of Roraima, assuming the original vegetation (without deforestation, forest fires and selective logging), was estimated by the KED model at 6. ), considering the pixel-by-pixel values established in the modeling (Fig. 5) . The other pairs of means tested for each forest group also showed significant differences between the two phytoclimatic zones.
The total biomass stock in protected areas (indigenous lands and conservation units) in Roraima was estimated at 4.16 Â 10 9 Mg (348 Mg ha À1 ) ( Table 4 ). The largest stock was in indigenous lands (76%; 3.16 Â 10 9 Mg), of which 16.3%
(0.507 Â 10 9 Mg) was in the ZIS and 83.7% (2.65 Â 10 9 Mg) in the ZOS. The area of the Indigenous lands in Roraima is greater than the total of all conservation units. Indigenous lands also have the largest areas of dense and open ombrophilous forest in Roraima, stocking large amounts of biomass. Most of these forests are located in the area without savanna influence (ZOS). Most dense ombrophilous forest is in the ZOS, while in the ZIS there is a greater area of lower-biomass forests (e.g., ecotones). for all biomass stocks covering all of the forest groups that had for-merly covered the use areas. The largest contribution to the mean was from the ombrophilous forest group. These distinctions can best be observed by normalizing the raw data by the frequency (number of pixels) as percentages of occurrence in the biomass classes in each zone and land-use type (Fig. 6 ). Analyses were also conducted of biomass affected by deforestation in Roraima through the year 2014 for each climatic zone and land-use category (Table S2 : Annex 1b).
Discussion
Use of a new geographic database (Brazil, PROBio, 2013) , in addition to application of geostatistics (KED) to biomass values derived with the methodology of Nogueira et al. (2008) , provided a representation of the spatial distribution of biomass stocks (Fig. 4) , including information on all forest compartments (live biomass and necromass; above-and belowground) for each phytophysiognomic group and climatic zone. Using interpolation techniques associated with environmental variables proved to be appropriate in biomass prediction in Roraima. These conditions are important for evaluation of carbon stocks and greenhouse gas emissions at the regional level (Asner et al., 2010; Nogueira et al., 2015) . The sequence of steps used in Roraima allowed accurate estimates of the total biomass stock, reducing the uncertainties in the calculation of carbon stocks at the landscape scale. This is needed for making baseline calculations for REDD Projects or REDD Programs.
Semivariogram analysis indicated that $80% of the variation in total biomass residuals is spatially structured and that this showed variation up to a distance of $120 km in our study area. This implies that methods for estimating the spatial distribution of total biomass using a simple average for each forest type are less reliable than methods using geostatistics, which consider the spatial correlation between sampling points (e.g., Sales et al., 2007) .
Another important factor was the sampling density of one sampling point per 1365 km 2 in this study. Although the area per sample is still considered high, it was lower than that available for estimates for forests in the Brazilian Amazonia as a whole (1480 km 2 per sampling point) covered by the 2702 valid inventories of the RADAMBRASIL Project (Nogueira et al., 2008) . However, we emphasize that in some regions the density of points increased with very short distances (<25 km) along the roads and rivers that provided access for the RADAMBRASIL teams in the early 1970s (Moreira and Barbosa, 2008) . Regardless of these micro-regions with a denser coverage of sampling points, the lower ratio in Roraima as compared to Brazilian Amazonia as a whole indicates better spatial translation of the biomass values by the BDG at the scale of a phytophysiognomic group, given the uncertainty at the level of a 1-km 2 pixel (e.g., Houghton et al., 2009; Saatchi et al., 2011) . The existence of a data base of inventories with spatial distribution in northern Roraima also provides a substantial improvement in the results, since the lack of representativeness in this region and in the area surrounding it was the main cause of the 19% (1 À R 2 ) prediction error (Ɛ) calculated in the spatial analysis. In any case, it is assumed that the current map (Fig. 4) provides a source of accurate information on the spatial distribution of biomass in Roraima.
A comparison of estimates with other studies indicates that the values calculated for this study are $5% lower than those determined by Nogueira et al. (2015) and $0.5% lower than those of Barbosa et al. (2010) . On the other hand, biomass estimates derived by Fearnside (2010) and Fearnside et al. (2013) are $8.8% higher than those calculated in our study. The differences in results are explained by different methods used and by differences in the area covered by modeling. For example, in the studies by Fearnside (2010) and Fearnside et al. (2013) , biomass was estimated for a forest area of 176,784 km 2 (with an average total biomass of 392 Mg ha À1 ), while our study used a base area of 184,500 km 2 (average total biomass = 345.0 Mg ha À1 ), taking advantage of the updated data from Brazil, PROBio (2013) . Our database also includes two recent local measurements (Condé and Tonini, 2013; Nascimento et al., 2014) . On the other hand, Saatchi et al. (2007 Saatchi et al. ( , 2011 and Baccini et al. (2012) used satellite data to extrapolate from a single sample in Roraima (Santos et al., 2003) , using this sample as ground truth to estimate aboveground live biomass Table 4 and Fig. 6 ). This result is consistent with other studies on biomass distribution considering the length of the dry season (Saatchi et al., 2007 (Saatchi et al., , 2011 Hirota et al., 2011; Baccini et al., 2012) , indicating that forests in Roraima also have an inverse relationship between biomass content and the length of the dry season. Given these results, policies are necessary for the conservation of carbon stocks in areas with longer dry periods in Roraima (ZIS), since the total area affected by deforestation in these regions up to 2014 is 33% higher than that observed in the zone without a severe dry period (Table A. 2: Annex 1b). This would have a direct effect in the reduction of the forest fires that negatively affect carbon stocks in these regions (Barbosa and Fearnside, 1999; Xaud et al., 2013) . Policy to conserve forest biomass in Roraima should include (i) regularization of land tenure; (ii) enforcement of the state's ecological-economic zoning (ZEE); (iii) creation of conservation units, and (iv) increasing the government's capacity to manage the protected areas (indigenous lands and conservation units) that are already consolidated. The distinction among the biomass stocks in different climatic zones and land-use categories was important in determining the direct effect of these variables in the calculation of biomass and carbon stocks. For example, a rough estimate based on the rates of deforestation in Roraima up to 2014 indicated a disturbance in 4.36% (0.276 Â 10 9 Mg) of the original stock of total forest biomass in Roraima; ZIS = 1.95% and ZOS = 2.41% (Table S2 : Annex 1b). Of this amount, IL and CU contributed little to disturbance of the original biomass stocks (6.8%), even though these institutional areas represent >65% of the total area of all of the forest physiognomies (Brazil, IBGE, 2012) . c Percentages for calculation of biomass by forest compartment as in Nogueira et al. (2008) . in Roraima ($119,280 km 2 ). In contrast, the change in forest cover in UA areas was dramatic, especially in the ecotones (ZIS) and ombrophilous forest (ZOS), which are responsible for 32.1% and 54.3%, respectively, of the total stock of forest biomass up to 2014. These values indicate that creating institutional (legal protection) areas in Roraima is an important strategy for stopping losses of carbon stocks and lowering emissions of greenhouse gases. Although forest biomass in Roraima appears to be protected from deforestation and from degradation by selective logging and fire in Indigenous lands and conservation units, the same cannot be said of the use areas. For example, GHG emissions in Brazilian ) by frequency (number of pixels expressed as percentages of occurrence) (A) by phytoclimatic zone and (B) by land use. ZIS = zone with savanna influence; ZOS = zone without savanna influence; IL = Indigenous land UA = use area; CU = conservation unit.
Amazonia as a whole decreased from 2005 to 2010 due to the reduction in deforestation rates (Brazil, MCTI, 2015; Brazil, INPE, 2016) , deforestation in Roraima did not obey the same logic (Supplementary Material; Fig. A.2) . Deforestation stabilized around an annual average of 241.1 km 2 (2000 : Brazil, INPE, 2016 , which is slightly less than the average of 277.0 km 2 observed by Barbosa et al. (2008) at the height of uncontrolled deforestation. Although deforestation processes in Roraima are similar to those in other parts of Brazilian Amazonia (e.g., Fearnside, 2008; Carrero and Fearnside, 2011; Barni et al., 2015a Barni et al., , 2015b , they are also influenced by local factors. In the absence of policy changes, deforestation and consequent greenhouse gas emissions in Roraima cannot be expected to decline soon in the use area because of lax environmental surveillance and the prevalence of land grabs (grilagem). For example, in the use area in the ZIS, in addition to the forest biomass having been degraded by logging as occurs throughout Brazilian Amazonia (e.g., Nepstad et al., 1999; Asner et al., 2005; Broadbent et al. 2008) , degradation of forest biomass is linked to the deforestation process that is strongly related to climatic factors and to vegetation types with open canopies (seasonal forests and ecotones). These factors have influenced the occurrence of vast understory fires (Barbosa and Fearnside, 1999; Xaud et al., 2013; Barni et al., 2015a) . Currently, some control over forest fires has been achieved in this phytoclimatic zone, but higher humidity in the ZOS seems to protect dense ombrophilous forest from fire. However, in January and February 2016, under the influence of a strong El Niño and due to the use of fire in land management (e.g., Alencar et al., 2004 Alencar et al., , 2006 Aragão and Shimabukuro, 2010) , more than 1000 km 2 of forest was affected by understory fires (unpublished remote-sensing data); most (84.5%) of the fires were in dense ombrophilous forest that had been subject to uncontrolled logging (e.g., Barni et al., 2012) .
Conclusions
Advances were made in quantifying stocks and in the spatialization of total original forest biomass in Roraima in relation to previous studies that have used extrapolation to spatialize biomass in the state, thereby contributing to the reduction of the uncertainties in the spatial distribution of forest biomass. This indicates the need for spatialization of biomass stocks at a more-refined scale and making use of a greater number of plots in order to reduce regional uncertainties about carbon pools in the Amazon.
The reference map made available in this study provides an easily used means of obtaining estimates at regional and local scales for studies of greenhouse-gas emissions. This map is also needed for REDD projects and for public policies requiring a baseline for assessment of additionality and/or the impact of reductions in deforestation and for assessing conservation of carbon stocks in areas under some kind of legal protection (IL and CU). The use area covers the central portion of the state and accompanies the main access highways (BR-174 and BR-210) that favor deforestation, selective logging and the invasion of public lands with consequent degradation of forest biomass and carbon stocks. The original vegetation in protected areas, independent of phytophysiognomic group, has higher biomass compared to the original vegetation in areas currently under agricultural use. Protected areas (119,310.0 km 2 or 53.2% of the state) support 65.8% of Roraima's stock of forest biomass, indicating an important potential role in REDD projects for conservation of forest carbon. Our map of forest biomass provides an alternative reference for studies on degradation of biomass and the emission of greenhouse gas within the local and regional contexts and contributes information needed for the Brazilian inventory of greenhouse gas emissions.
Finally, the spatial analysis shows that, as compared to estimates in other studies, areas under some type of agro-silvopastoral use in Roraima had lower average biomass prior to deforestation, indicating that greenhouse gas emissions from deforestation and land-use change in Roraima may be lower than previously calculated.
